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GreenleaI, .I.E., Castle, B. L. and Card, D. H.: Blood electrolytes and tem-
perature regulation during exercise in man. Acta Physiol. Pol. 1974, 25 {5):
397--410. To determine if changes in blood osmotic and electrolyte con-
centrations influence body temperature regulation, rectal [Tre), auditory

canal (Ta©), and mean skin temperatures (T,_}, sweat rates Ira,w), and tissue
conductances (K) were measured in 8 men (21--27 years) who exercised on
a bicycle ergometer for 70 minutes (Tdb = 23.6°C, rh = 50%) at 49e/e of
their maximal oxygen uptake under three levels of hydration. Serum eLec-
trolyte and osmotic concentrations were increased by dehydration (A body
wt = --5.2%) and decreased by excessive water consumption (body wt ----
+ 1.2%); a normal hydration control experiment was also performed (body
wt .,- --1.6e/e). Equilibrium levels of Tre were linearly related to the level
of hydration; Tre changed 0.1°C for each I% change in body water {wt).

Equilibrium levelsof T_ and AT_ were constant and independent of A body

water between -I-1.2and --5.2e/LHypohydration HR and Vo_ were increa-

sed and equilibrium levels of VZ'STPS,T,k, respiratorywater loss,and tissue

conductance were unchanged. Sweating and evaporative heat loss were
reduced. Between 77 and 100e/eof the excessive rise in body temperature
could be accounted for by reduction in sweating. At equilibrium, during
exercise the correlation between Tre and plasma volume was r = 0.04
(N. S.};Tre and serum Na, r == 0.71 (p<0.05). At equilibrium Tre also corre-
lated significantlywith serum chloride,blood pH, respiratoryrate,and heart
rate while sweat rate was related only to T_ (r = --0.57,p<0.05).

The mechanism for the precise control of temperature regulation dur-

ing exercise is not completely understood. From the work of Nielsen [35]

it is known that the rise in core temperature during exertion is a regulat-

ed process and not the result of failure of the heat-dissipating mechanism.

• A preliminary report of these data was presented at the Symposium on the Phar-
macology of Thermoregulation, San Francisco, 1972, and at the American Physiological
Society Meeting at Pennsylvania State, August 1972.
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398 J. E. Greenleaf et al.

Regulatory sweating appears to be a linear function of skin and core

temperatures when exercise is performed continuously in the upright

position and equilibrium temperature conditions are attained. The failure

of changes in skin and core _emperatures to account for the rate of sweat-
ing during intermittent exercise [13, 16], during work in the supine posi-

tion [16], at altitude [18], and during negative work -- walking downhill

[41] suggests that factors other than skin and core temperatures are im-

portant in the mechanism controlling sweating.
The afferent stimuli for controlling sweating have n<)t been fully de-

fined. Many hypotheses have been suggested for the control of exercise

swea_ing [2--6,14, 20, 21, 33],but no satisfactorymechanism has been

found thattakes intoconsiderationa localstimulusfor sweating associat-

ed with skintemperature,a centralstimulus for swea_ing associatedwith

core temperature, and the simultaneous controlof heat flow to the skin

via changes in peripheralblood flow.

Itisprobable thatvariationsin blood osmotic and electrolytecontent

play significantroles in the control of body temperature regulation.

Myers and Yaksh [32] and Myers and Veale [31] have shown that direct
injection of sodium and calcium ions into cerebral ventricles of resting

monkeys and cats changes body temperature. Furthermore, increased
serum osmolarity and sodium concentrations are associated with decreas-

ed sweating during rest and ex_rcise in the heat [16, 38], and peripheral
blood flow can be altered by different blood osmotic and potassium levels

[29, 40].

The purpose of this study was to investigate the effect of changes in
blood osmotic and electrolyte concentrations on temperature regulation

during exercise.

MATERIAL AND METHODS

Body temperatures, heat production, heat loss, and various blood constituents were

measured in eight healthy university students during 70 minutes of moderate exercise

at three levels of hydration {Table I).

Prior to the hydration experiments, maximal oxygen uptake was determined with the

subjects working on a bicycle ergometer [7].The subjects then underwent three 2-hour

conditioning exposures to 43°C (il0°F) dry-bulb temperature (Tab) with one day of rest

between exposures. They worked at, a load that resulted in a relative oxygen uptake

{Vo)< 1001Vo_max ) of 280/0. One to two weeks later the hydration experiments were

begun; the subjects worked for 70 minutes in the upright position on the ergometer at an

average relative VO_ of 49°/0. The use of similar relative Vo2 levels reduces interindivi-

dual variability in equilibrium levels of core temperatures during exercise [18]. Each

subject underwent three pre-exercise treatments selected in random order; dehydration,
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400 J.E. Oreenleaf et al.

normal hydration, and hyperhydration. (The term dehydration is used when the body

is undergoing negative water balancel hypohydration is used when the body is in water

balance but the total volume of water is reduced). The subjects were dehydrated the

evening before the experiment by alternating rest with moderate work at 43°C {II0°F)

until their body weight was decreased by 5_/0. A similar heat exposure was given prior

to the normal hydration and hyperhydration experiments, except the subjects were

required to drink water equal to their weight losses. They retired in the laboratory.

Before exercise the next morning, the hypohydrated subjects drank nothing; with normal

hydration they drank 100---200 ml of tap water; with hyperhydration they consumed

about 40 ml/kg (2.5--3,0 liters)of tap water (37°C) the hour before exercising. The sub-

jects ate no breakfast. During exercise with normal hydration and hypohydration, the

subjects drank 0.9% saline (37°} intermittently to equal their body weight loss; with

hyperhydration they consumed tap water (37oc). Because of their sudorific effect, tap

water and saline were administered at 10-minute intervals. The purpose for the variation

in tonicity of the drinking fluid administered during exercise was to holcl the serum

sodium and osmotic concentrations (and the plasma volume) the same as the resting

levels that were altered by the various hydration procedures.

Heart rate was counted from an ECG record and oxygen uptake was determined with

standard techniques [16].The levels of dehydration and hyperhydration were determined

from body weight changes between the evening weight before heat exposure and the

morning preexercise weight. Sweat rate {msw) was calculated as:

[total body ]m,w = Lweig ht loss -- mex -- (I 18.6 V co_-- 85.7 Vo, )

in grams per hour

where Vco _ is expired CO 2 in liters/rain, Vo, is expired 02 in liters/min, and mex is

expired water loss in g/h; mex = VZBTp s (Pox --eaPa) in g/h, where the 175-mi dead

space in the respiratory value was accounted for the calculation of VZBTPS; Pox is the

density of expired gas at 34°C (in kglme), ea is the humidity of the ambient air at 24°C

and Pa is the density of the ambient air (in kg/m*). Body weight was measured before

exercise, at 35 minutes during exercise, and at the end of exercise. Efficiency was cal-
culated as:

Efficiency = (kpm/min X I00) [426.85 kpm/kcal (total kcaUmin-basal kcal/min)].

Total metabolic heat production (Mgrou) was calculated from the O, uptake. The heat

available for dissipation (Mnet) equals Muos, minus the heat loss due to the external

work, calculated from the work efficiency.

Evaporative heat .loss (_) and respiratory heat loss'(Er} were calculated by multi-

plying sweat and respiratory water losses by 0.58 kcal/g. Tissue conductance (K) was

calculated from:

K _ (Mne t-- Er} {Trez0-- TskT0)

Mean body temperature (Tmb) = 0.8 Tre "_ 0.2 T-sk

Body temperatures were measured with individually calibrated :YSI thermistors

(400 series) with an accuracy of _+0.05oc. The rectal thermistor was inserted 17 cm.

The auditory canal thermistor was held in place with a customifitted hearing-aid ear

mold and the thermistor tip was located about 10 mm from the tympanic membrane [17].

The six skin thermistors, attached to spring clips connected to plastic rings, allowed

sweat to evaporate freely. Mean skin temperature (Tsk) was calculated as (0.06 arm
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temperature + 0.13 forearm and hand + 0.09 chest + 0.20 back + 0.21 thigh + 0.21 leg

and foot). Average ranges of environmental parameters were: globe temperature 23.9_>

to 24.0°C; Tdb 23.5° to 23.7°C; Twb 16.7° to 16.8°C; rh 50 to 52%; PH,.O 10.7 to 10.9 mmHg,

and barometric pressure 764.3 to 7610 mmHg. Turbulent air flow averaged 0.41 m/sec

(80 ft/min).

Venous blood samples were taken without stasis before exercises, at 35 minutes, and

just after exercise. Blood volume was determined just prior to exercise (0 minute) from

one 10-minute postinjection sample utilizing radio-iodinated (I-131) human serum albu-

min (Miles Lab.) with the method of [42]. At 0 minute, plasma volume (PV} was calcu-

lated as: PV ----blood vol l-Hct (0.96X0.91) where 0.96 is the correction for trapped

plasma and 0.91 is the correction for the total body Hct/venous Hct ratio [39].Plasma

volume at 35 minutes and after exercise was calculated from the 0-minute PV and Hct

(pre) and the 35-minute Hcf (post) and post-exercise Hct (post} from the following for-

mula (4):

Hctpo,t× 10-' i--1[PVprJl--(Hctpr,× 10-')]--PVpr.

In a separate study on seven men, a comparison was made between PV extrapolated to

injection time from 10, 20, 30, and 60-minute postinjection samples and the lO-minute

sample. The mean (_SE) PV for the extrapolated data was 3,347+_177 ml; the average

(_SE) percentage difference in PV between the two methods was 0.5+-0.3e/I [43].Blood

for hematocrit determinations was drawn in triplicate into capillary tubes and spun for

12 minutes at 11,500 rpm in a Model MB International centrifuge and read on an Inter-

national microcapillary tube reader. Only measurements with 0.1% or less variation

in the hematocrit ratio were accepted. Serum osmolarity was measured by freezing point

depression (Fiske osmometer). Serum Na and K concentrations were determined by

atomic absorption (Perin Elmer Model 303), serum C1 by titration [9],and blood pH by

the Astrup technique. Total plasma protein was determined colorimetrically [10] and

plasma albumin was measured with the Beckman Microzone system [27].

The statistical analyses were determined with the UCLA Biomedical Computer Pro-

grams [11] and run on an IBM 7090 computer.

stors

cm.

ear

[17].
)wed

arm

RESULTS °

Rectal (Tre),auditory canal (Tac),and mean skin (Tsk)temperatures,

during restand the 70-minute exerciseperiod are presented in Figure L

At rest(0minute), hypohydration Tre was 0.2° to 0.3° higher (p< 0.01)

than normal- or hyperhydration values.After the third minute, hypo-

hydration Tre was significantlyhigher (p< 0.025)than hyperhydration

Tre,and the threeTre levelswere alldifferentfrom each other(p<[0.001)

from minute 10 to the and ofexercise.There was no significantdifference

in the three Tac or the three Tsk-temperature curves during restor ex-

ercise(Fig.I,Table 2),but auditory temperatures showed a separation

similarto Tre at the three hydration levels.Average (+SE) equilibrium

levelsof oxygen uptake increasedslightlywith decreasinglevelsof hy-
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dration: 2.08 + 0.10 liters/min for hyperhydration, 2.11 _+0.12 liters/rain for

normal hydration, and 2.21_.+0.13 liters/rain for hypohydration. The aver-

age relative oxygen uptakes were not different, but oxygen uptake ex-

pressed as ml/(min- kg) was elevated (p _ 0.01) with hypohydration
(Table 2). With decreased hydration, average sweat loss progressively

39
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rlg. I. Average (±S.E.) rectal, auditory canal, and mean skin temperatures at rest
(0 minute) and during 70-minute exercise under three hydration regimes. Hypohydration

Tre0,TreT0,and ATre were higher (p_ 0.01)than hyperhydration values; Tac0,Tacv0,ATac,

T'--sk0,AT_kT0, and T-skwere not significantlydifferent.! -- Hypohydratiom 2 -- Normal-

hydration; 3 -- Hyperhydration.

decreased (N.S.),respiratorywater loss and tissue conductance (peri-

pheral blood flow) were constant, and net metabolic heat production

(heatavailablefor dissipation)increasedslightly(N.S.)(Table 2).Aver-

age heart rates increased progressively with iztcreasing levels of dehy-
dration. During hypohydration both resting and exercise heart rates were

higher (p < 0.005) than _hose during hyperhydration.

The statistical analyses of plasma volumes, hematocrit, pH, and elec-

trolyte concentrations at rest and during exercise are presented in Table
3. Serum osmolarity and sodium and chloride concentrations were held

relatively constant. Serum potassium and blood pH reached equilibrium
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Fable 3. Statistical analysis of data presented in Figure 2

The numbers within the same parenthesis -- (1) hyperhydration, [2) normal hydration,

and (3) hypohydratiou -- are not significantly different from each other. (1 & 2) (3) indi-

cates (1 & 2) are not different from each other, but are significantly different from (3).
N. S. means not significant at p < 0.05

0 Minute 35 Minutes 70 Minutes

Serum osmolarity, mOsr_l (1) (2) (3) (1 & 2) {3) (I) (2) {3)

0.001 0.001 0.001

Serum sodium, mEq/l (1) (2) {3) N.S. (1 & 2) {3)

0.001 o.001

Serum chloride, mEq/l (1 & 2) (2 &3) (1 & 2) (3) (1 &2) (3)

0.025 0.001 O.OOl
Serum potassium, mEq/1 N.S. (1 & 2) (2 & 3) N.S.

0.05

Blood pH N.S. (1 &2) (2&3) N.S.

0.01

Plasma protein, 9/100 ml (1 & 2) (3) (1 & 2) (3) (1 & 2) (3)
0.001 0.005 O.OOl

Plasma albumin, g/100 ml (I & 2) (3) (1 & 2) {3) (l & 2) (1 & 3}

0.005 0.01 0.005
Plasma volume, liters N.S. N.S. N.S.

Hematocrit, vol % (1 & 2) (3) N.S. N.S.
0.001

, levels during the last half hour of exercise. With hypohydration, the

plasma volume was constant from rest to exercise while pH and potass-
ium concentrations /ncreased with exercise. This suggests an influx of

K + and H+ into the venous circulation, most likely from the exercising
muscles. With hyperhydration and normal hydration, plasma volume de-

Table 4. Calculated and measured changes in mean body temperature for the three

experiments resulting from changes in sweating and in net metabolic heat production
(M.e0

Experiment Measured ATmb, °C Calculated A"Tmb, °C

ATrab ATrnbT0 Sweat Mnet

Hyper vs. normal 0.18 0.27 0.19 0.18

Normal vs. hypo 0.37 0.49 0.25 0.52

Hyper vs. hypo 0.55 0.76 0.44 0.70

Mean body temperature was calculated as (0.8 Tre + 0.2 Tsk); AT-rob was the difference

between the 70-minute value (T"m_,0) and the 0-minute value. Calculated AT'rob from

sweating was obtained from: 0.58 (Amsw)× surface area (m_)/(0.83 × 80.11 kg); where
(Amsw) = A sweat loss in g/(m 2. hr). Calculated AT-rob from Mne t was obtained from:

(AM) × 2.02 m2/(0.83 × 80.11 kg); where (AM) = AMnet in kcal/(m z • hr).
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suggest plasma volume decreases with exercise only in hydrated or hy-
perhydrated subjects.
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Fig. 2. Regression of serum osmolarity, serum'sodium, and plasma volume with rectal
temperature at restand at the end of exercise under three hydration regimes. N. S.means
not significantat the p < 0.05 level. I -- Hypohydration_ 2 -- Normal hydration_ 3

Hyperhydration.

The highest correlationsbetween mean body and rectaltemperatures

were with serum osmolarity and serum sodium; individualvalues for

these variablesplus plasma volume are plottedin Figure 2.At restthere

were very low, nonsignific&ntcorrelationsbetween osmolarity,sodium,

plasma volume, and Tre (Fig.2 lefthalf).However, at the end of exercise

there were significantcorrelationsbetween Tre and osmolarity (r= 0.71)

and Tre and sodium (r= 0.71)while the correlationwith plasma volume

was very low (r= 0.04).These resultssuggestan ion-osmoticmechanism

important for temperature regulation rather than a volume mechanism.

,e
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This experimental design does not allow for separation of a specific so-

dium ion effect from a more general osmotic effect.

Mean body temperatures calculated from changes in sweating (Table

4) agree within 0.1°C with measured _A'Fmb values, but show poorer

agreement with equilibrium levels of rectal temperatures (_TmbT0). Con-

versely, net metabolic heat production agreed within 0.1°C with LITmbT0

but showed poorer agreement with _dTmb.

DISCUSSION

The important finding from this study was the significant positive rela-
tionship between rectal and mean body temperatures and serum sodium

and osmotic concentrations when body temperatures was increased by
exercise. The highest correlations were obtained at the of exercise when

body temperatures had reached equilibrium and change in heat storage

was minimal as opposed to the data obtained at 35 minutes where equilib-
rium conditions were not attained.

Body temperature at rest. Under the three hydration regimes there was

a clear separation in rectal temperatures and the hypohydration rectal

temperature was elevated (p < 0.05) at rest. Increased core temperatures,

not caused by impairment of sweatL_g, have been reported in resting men
on restricted fluid intake [28] and after intravenous injection of NaC1

[12]. An elevated body temperature is due either tO a net increase in heat

production or to a net decrease in heat dissipation. At rest, the average

oxygen uptake with hypohydration was '0.37 liters/min, slightly lower
than in the other two hydration levels, so the higher resting rectal tem-

perature with hypohydratiom was not due to increased heat production.
Decreased heat loss could occur by a reduction in radiation, conduction,

convection, or evaporation. Since the environmental parameters were

essentially constant for all experiments, changes in ambient radiation,"

conduction, and convection were of minimal importance. Thus,. variations r
in the rate of respiratory and dermal insensible heat loss probably ac:
counted for the reducted heat loss. Respiratory and insensible heat losses

were not measured at rest, so this possibility remains unresolved. One

other possible mechanism is that the hypothalamic setpoint was re-set at

a higher level, permitting greater heat storage and higher core tempe-

ratures, by the increased serum sodium concentrations [30, 31, 32]. Myers
and Yaksh [32] found core temperatures elevated 2 ° to 3°C in restrained

. monkeys by increasing the ratio of sodium to calcium in fluid perfused
into the cerebral ventricles. They hypothesized that the ratio of Na + to

Ca 2+ within the posterior hypothalamus may be the mechanism for con-

trolling the thermoregulatory setpoint. In the present study, at rest, there
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were extremely low correlationsbetween serum sodium and osmolarity

and rectaltemperature,so the elevated Tre with hypohydratioR is not

due to increased ionicconcentrationsas measured in peripheral blood.

Higher ionicconcentrationsmay have an effecton body temperature. In

restinganimals, ithas been observed that injectionof sodium chloride

has no effecton temperature regulation [8,24], but there is sufficient

evidence to the contraryto warrant furtherresearch [I,12, 15,26].

Body temperature during exercise.In the present study the high cor-

relationsbetween serum sodium and osmotic concentrationswith equi-

libriumlevelsof rectaland mean body temperatures suggest that ionic

mechanisms are importantforbody temperaturecontroliR man. Injection

of ions directlyintothe animal brain is an artificialprocess.The major

question,therefore,iswhether the relationshipbetween osmolarity and

sodium concentrationin peripheralblood and body ter_peraturelevelsis

the resultofionicactionatthe hypothalamus, of ionicactionon the peri-

pheral mechanisms of heat dissipation(sweating and peripheral blood

flow),or both. A change in the hypothalamic setpointby ion changes

could directlyinfluence sweating and peripheral blood flow via the

nervous system.Senay [38] found thatthe decreased rate of evaporative

weight lossinmen restingand working inthe heat was significantlycor-
relatedwith the increasein serum sodium concentration which he attri-

buted toa directactionof sodium on sweat gland function,i.e.,a decrease

in secretion,an increasedwater reabsorptivecapacRy, or both.

In the presentstudy, there are severalpossibleexplanations for the

elevated rectaltemperatures during exercisein the presence of greater

water deficits.Respiratoryheat lossduring the three hydration regimes

was essentiallyconstant-- itvaried from 20 to 22 kcal/(ms-hr);tissue

conductance (peripheralblood flow)alsowas constant (Table2),so these

two variablescan be eliminatedas causes for reduced heat dissipation.

Since metabolicheat productionisa functionof absolute worm load,and

each subjectworked at a constant load under each hydration regimen,

the progressiveincreaseinoxygen uptake from hyperhydration to hypo-

hydrationwas due eitherto a systematicincreaseinthe work load (which

seems unlikelybecause the experimentswere conducted in random order)

or to the levelofhydration.The higherheart rateswith increasingdehy-

drationmay be compensation for a reduced stroke volume resulting,in

part,from the lower plasma volume [33].The increasedwork ofthe heart

may have accounted forpart of the increasedoxygen uptaJkewith dehy-

dration.Another possiblecontributoryfactorfor the increased oxygen

uptake is that dehydrated subjects often are more irritableand less

relaxedthan when fullyhydrated and any increasedirritabilitymay have

contributedto the greateroxygen consumption.
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At equilibrium, skin temperatures were the same for the three hydra-
tion levels while rectal temperature was progressively higher and total

sweat rate progressively decreased with increasing levels of dehydra-

tion. Thus, total sweating was not related directly to skiu temperature or
to rectal temperature. Our calculations suggest that the progressively

higher core temperatures were due to the sweating deficits_ i.e., core

temperature is not the main variable being controlled but its equilibrium
level is the result of sweating deficits and sweating is the controlled va-

riable.
It has been difficult to show a direct influence of intravenous saline

injections on thermoregulatory responses in resting animals and man,
but the clear positive relationships between increased serum sodium con-
centrations and elevated body temperature with exercise with constant

respiratory water loss and tissue conductance imply that hypernatremia

may be important for the control of sweating. Results from the present
study do not differentiate the action of the sodium from the total osmotic
concentration. The high correlations between body temperatures and

osmolarity could have been due to the large contribution (70 to 80W0}
sodium makes to total serum osmolarity. At rest, the site of the action

of sodium in animals appears to be on the posterior hypothalamic tem-

perature centers [32]; but during dehydration from ambient heat in man
the ionic stimulus could affect sweat gland discharge by triggering

nervous impulses from the central nervous system, by the presumably
increased osmolarity of the interstitial fluid surroundiv_g the sweat glands,

or by both mechanisms.
During exercise in dehydrated men, the degree to which the increased

sodium concentrations in peripheral blood reflect increased intracerebral

sodium concentration has not been established_ i.e., can electrolytes pe-

natrate the blood-brain barrier or are ony fluid shifts involved? It has
been known for some time that the anterior hypothalamic-preoptic area

contains osmoreceptors sensitive to osmotic changes in peripheral blood

[25]. The osmoreceptor zone is localized in the immediate area,of the
supraoptic nucleus, and about haft the osmosensitive cells respond to

hvpertonic sodium chloride solutions as opposed to other sensory stimuli

[23]. Recent evidence by Rapoport et al. [37] indicates that the blood-
-brain barrier can be opened to the passage of albumin from osmotically

shrinking barrier cells by various salts, such as LiC1, Na2SO4, and NaC1,
that have little or no lipid solubility. So it appears sodium and other

electrolytes in peripheral blood can penetrate the blood-brain barrier. An
alternative hypothesis is that osmotic substances may act as ,,gate-kee-

pers" for the selective penetration of larger molecules that are active in

temperature regulatiom e.g., the prostaglandins. Sodium could perform

:l
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a double role as ,,gate-keeper" from its osmotic action and a trigger func-

tion due to its specific ionic properties.
Cerebral temperature is determined mainly by cerebral arterial blood

temperature and blood flow [22]. During exercise, average blood flow

through the brain is increased only slightly, if at all, but there is a large
increase in blood flow in some areas and decreased flow _n other areas
with a moderate increase in cerebral blood pressure [36]. Although peri-

pheral vessels in the head do not constrict, it may be that local osmotic
changes in the hypothalamus could alter hypothalamic blood flow and

hypothalamic temperature. The statistical relationships between serum
sodium and serum osmolarity and core temperature from the present

study do not provide conclusive proof of cause and effect, but simultane-
ous measurements of ionic concentrations in the temperature-regulat-

ing centers and in peripheral blood would answer this question.
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